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Wavelength-tunable mid-infrared thermal emitters
with a non-volatile phase changing material}

Kaikai Du,1? Lu Cai,* Hao Luo,? Yue Lu,? Jingyi Tian,? Yurui Qu,? Pintu Ghosh,?
Yanbiao Lyu,? Zhiyuan Cheng,® Min Qiu® and Qiang Li 2 *@

The ability to continuously tune the emission wavelength of mid-infrared thermal emitters while main-
taining high peak emissivity remains a challenge. By incorporating the nonvolatile phase changing material
Ge,Sb,Tes (GST), two different kinds of wavelength-tunable mid-infrared thermal emitters based on
simple layered structures (GST-Al bilayer and Cr-GST-Au trilayer) are demonstrated. Aiming at high peak
emissivity at a tunable wavelength, an Al film and an ultrathin (~5 nm) top Cr film are adopted for these
two structures, respectively. The gradual phase transition of GST provides a tunable peak wavelength
between 7 pm and 13 pm while high peak emissivity (>0.75 and >0.63 for the GST-Al and Cr-GST-Au
emitters, respectively) is maintained. This study shows the capability of controlling the thermal emission
wavelength, the application of which may be extended to gas sensors, infrared imaging, solar thermo-
photovoltaics, and radiative coolers.

Introduction

Wavelength-tunable mid-infrared (MIR) emitters are essential
devices in gas sensing,"” infrared imaging,> and solar thermo-
photovoltaics.”” While quantum cascade lasers have been
developed as the main wavelength-tunable MIR sources owing
to their advantages of high spectral density and single-mode
operation,® their complex fabrication technology and accompa-
nying high cost restrict their applications in areas with low-
cost demands. In most applications where the requirements
on emission intensity and bandwidth are not particularly
strict, wavelength-tunable MIR thermal emitters can be advan-
tageously exploited.” However, traditional wavelength-tunable
MIR thermal emitters are based on hot plates and tungsten
lamps combined with wavelength-tunable spectral filters'®"*
which make their structures complex and energy inefficient.
By engineering the shape and geometric size of micro/nano-
structures,’”>?> MIR thermal emitters made of gratings,*
photonic crystals,>* metamaterials,>> and photonic cavities*®?”
are realized with near unity emissivity at a tailored wave-
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length.>® However, neither the emissivity nor the emission
wavelength can be continuously tuned.

Thermal emitters with continuously tunable emissivity have
been demonstrated based on micro/nano-structures in combi-
nation with advanced materials,>® such as semiconductor
quantum wells,***! graphene,®* and phase changing materials
(such as VO, ** and Ge,Sb,Tes (GST)***°). Most of the current
research studies are focused on continuous tuning of the peak
emissivity. For example: (1) by changing the applied bias
voltage in semiconductor quantum wells, a narrowband emis-
sion spectrum with a tunable emissivity from 0.12 to 0.81 can
be realized at a fixed peak wavelength of 9.2 um;*" (2) by chan-
ging the temperature of a VO,/sapphire device, the peak emis-
sivity of a broadband emission spectrum can be tuned from
0.2 to 1 without the change of the central wavelength;** (3) by
changing the dielectric thickness in a metal-dielectric-metal
metamaterial-based thermal emitter with rising temperature,
the peak emissivity can be tuned from 0.5 to 0.81, during
which the peak emission wavelength slightly changes from
4.9 pm to 5.2 pm;*” (4) by controlling the phase transition
process of GST, the emissivity of a GST-Au thermal emitter can
be tuned from 0.2 to 1 with an accompanying wavelength shift
from 8 pm to 11 pm.** However, the ability to tune the emis-
sion wavelength especially with a simultaneous high peak
emissivity remains elusive.

In this paper, two wavelength-tunable MIR thermal emitters
based on layered structures (GST-Al and Cr-GST-Au) incorporat-
ing the nonvolatile phase changing material GST are demon-
strated. Aiming at high peak emissivity at a tunable wave-
length, an Al and an ultrathin (~5 nm) top Cr film are adopted
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for these two structures, respectively. By controlling the inter-
mediate phases of GST from amorphous GST (termed aGST) to
crystalline GST (termed as cGST), the peak emission wave-
length is continuously tuned for the wavelength range from
7 pm to 13 pm while a high peak emissivity (over 0.75 and 0.63
for the two thermal emitters, respectively) is maintained.
These wavelength-tunable MIR thermal emitters offer several
distinct advantages: (i) a wide wavelength-tuning range with a
simultaneous high peak emissivity, which is realized by con-
trolling the intermediate phases of GST in the designed
layered structures; (ii) zero static power consumption because
the GST is quite stable at room temperature and needs no
extra source to maintain a certain phase; (iii) low-cost and
large-scale fabrication as the layered design of the thermal
emitters involves only film deposition for the fabrication.

Results and discussion

The schematic diagrams of the two kinds of wavelength-
tunable MIR thermal emitters (GST-Al and Cr-GST-Au) are pre-
sented in Fig. 1. The GST-Al MIR thermal emitter is composed
of a 40 nm-thick Al layer and a 450 nm-thick GST layer
(Fig. 1a). For the Cr-GST-Au MIR thermal emitter, the 450 nm-
thick GST layer is sandwiched between a 5 nm-thick Cr layer
and an 80 nm-thick Au layer (Fig. 1b). The SEM images of the
cross-section and top view (Fig. 1) are also provided.

According to Kirchhoff’'s law of thermal emission, the
thermal emission performance of the MIR thermal emitters
can be designed and studied by analyzing their absorption.
The absorption properties of the GST-Al and Cr-GST-Au
structures are simulated with the commercial COMSOL
Multiphysics software. The proportion of amorphous atoms in
the GST changes gradually as the phase transition between the
amorphous and crystalline phases of GST is gradual. When
the amorphous proportion is termed X, the complex refractive
index of the intermediate GST can be approximately calculated
as Ny = X x N, + (1 — X) x N, based on Birchak’s mixing rule,®
where N, and N, are the complex refractive indices of aGST
and c¢GST,** respectively. The refractive indices of the Al, Cr
and Au films in the simulation are derived from the ellips-

ometer and the reference,* respectively.

Fig. 1 Schematic diagrams and SEM images (both cross section and
top view) of (a) the GST-Al and (b) the Cr-GST-Au MIR thermal emitters.
The scale bar in the SEM images is 100 nm.

4416 | Nanoscale, 2018, 10, 4415-4420

View Article Online

Nanoscale

(a) GST-Al Cr-GST-Au

4 1 [ = L
S S

508 508 038
g g

506 506 06
g 5

304 304 04
= o

g g

0. 15 2 02
02 go.

< <

0 0

8 7 10 12
Wavelength (um)

e
S

Wavelength um

Fig. 2 The simulated absorptivity of the (a) GST-Al and (b) Cr-GST-Au
MIR thermal emitters for the wavelength range from 7 pm to 13 ym
when varying the amorphous proportion from 0 to 1. The thickness of
GST is 450 nm and the bottom metal is 100 nm in both structures. The
surface Cr layer is 5 nm-thick in the Cr-GST-Au MIR thermal emitter.

The simulated absorptivities of the GST-Al and Cr-GST-Au
structures as a function of amorphous proportion and wave-
length are studied (Fig. 2). For the GST-Al structure, the peak
absorption wavelength is 7.92 pm at X = 1 (amorphous phase)
and increases to 11.6 pm when X decreases to 0 (crystalline
phase). The peak absorptivity remains above 0.4 during the
whole phase transition process. For the Cr-GST-Au structure,
the peak absorption wavelength shifts from 6.34 pm to
9.28 pm when X is decreased from 1 to 0. During the wave-
length shift, the peak absorptivity maintains over 0.75. Both
structures realize a tunable absorption wavelength with a sim-
ultaneous high peak absorptivity by changing the amorphous
proportion of GST. Although the simulation is performed for
normal incidence, it should be mentioned that the absorptiv-
ities of GST-Pt and Au-GST-Au structures also present a high
robustness at an oblique incidence (Fig. S17).

To reveal the physics behind the wavelength tunability of
the GST-Al and Cr-GST-Au samples, the normalized electric
field (|E|) and resistive loss (Q) distributions at the peak
absorption wavelength for both amorphous and crystalline
GST are investigated (Fig. 3). The resistive loss is related to the
electric field intensity by Q = zcee”(4)|E|*/A, where £"(1), ¢, and
& are the imaginary part of the material complex refractive
index, the light velocity in a vacuum, and the vacuum permit-
tivity, respectively. The interface reflectivity between the two
films follows the Fresnel formula R = |(Ay, — 7,)/(fiy + 74)|%,
where 7i; and 7, are the complex refractive indices (7 = n + ik,
where n and k denote the refractive index and extinction coeffi-
cient, respectively) of the two films, respectively.

In the GST-Al structure, the GST layer plays the role of an
antireflection coating. Al is not a perfect electric conductor
(PEC) and the reflection at the AIl-GST interface is thereby
small resulting in strong electric field penetration into the Al
film (Fig. 3a and b) and the corresponding large resistive loss
(Fig. 3e and f) in the Al film. As aGST is transparent at
6-14 pm, the resistive loss occurs in the Al layer in the aGST-Al
structure, and 40% of the incident energy is absorbed
(Fig. 3e). For the cGST-Al structure, 84.0% and 15.3% of the
incident energy are absorbed by the c¢GST layer and the Al
layer, respectively (Fig. 3f). The absorption wavelengths of

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The normalized electric field and resistive loss in the GST-Al and
Cr-GST-Au MIR thermal emitters at the peak absorption wavelength for
amorphous and crystalline GST phases. The normalized electric field
distributions (a—d) and resistive loss distributions (e—h) are presented for
(a, ) aGST-AL (b, f) cGST-AL (c, g) Cr-aGST-Au, and (d, h) Cr-cGST-Au
structures. The resistive loss in the top Cr layer in (g) and (h) is not nor-
malized as its intensity is far stronger than that in other parts.

both aGST-Al and cGST-Al structures are determined by the
asymmetric Fabry-Pérot resonances, the absorptivity increases
with the phase changing process owing to the increase in
dielectric loss.

In the Cr-GST-Au structure, an ultrathin (~5 nm) Cr layer is
coated on top of the GST film. The incident light can tunnel
through this ultrathin metal film which makes it different
from conventional bulk metals and thick metallic films with
high reflectivity. The electric field is also enhanced by the sym-
metric FP resonance formed with the thick Au layer in the
bottom and the ultrathin Cr film. The strong electric field
leads to a strong resistive loss in the 5 nm-thick Cr layers (the
resistive loss in the Cr layers shown in Fig. 3g and h is so high
that it is not normalized to distinguish the resistive loss distri-
bution in other layers). The 5 nm-thick Cr layers of Cr-aGST-Au
and Cr-cGST-Au structures absorb 92.4% and 37.3% of the
incident light, respectively. The bottom Au layers of Cr-
aGST-Au and Cr-cGST-Au structures absorb 7.3% and 3.8% of
the incident light, respectively. The lossy cGST absorbs 34.6%
of the incident light in the Cr-cGST-Au structure.

The experimental performance of the devices is further
investigated corresponding to the theoretical results discussed
above. The fabrication process of the samples and the
measurement methods are introduced in the experimental
methods section. The GST-Al and Cr-GST-Au samples with
different amorphous proportions of GST are prepared with
thermal annealing. Two distinct annealing methods are
adopted to tune the amorphous proportion of GST: applying
either different annealing temperatures or different annealing
times. For different annealing temperatures on different
samples at a fixed annealing time (¢ = 90 s), the absorption per-
formance of the GST-Al (Fig. 4a) and Cr-GST-Au (Fig. 4b)
samples changes with the annealing temperature. The peak
absorption wavelength of the GST-Al samples shifts from
7.59 pm to 10.7 pm. The maximum peak absorptivity is 0.99

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The measured absorptivity curves for the MIR thermal emitters
with two different annealing processes. (a) and (b) are for GST-Al and
Cr-GST-Au structures annealed for 90 s at different annealing tempera-
tures, respectively. (c) and (d) are for GST-Al and Cr-GST-Au structures
annealed at 155 °C for different annealing time periods, respectively.

and the minimum is above 0.73. Similarly, for the Cr-GST-Au
sample, the peak absorption wavelength shifts from 7.75 pm
to 10.9 pm with the peak absorptivity over 0.63 when the
annealing temperature is increased. Different samples were
annealed for different times at a fixed annealing temperature
(T = 155 °C). A similar shift in both peak absorption wave-
length and peak absorptivity for both GST-Al and Cr-GST-Au
samples can be seen in Fig. 4c and d. A long annealing time
results in a reduced amorphous proportion contributing to the
red-shift of the peak absorption wavelength. Both of these
annealing methods can be implemented to realize wavelength
tunable absorption with a simultaneous high peak absorptivity
for both GST-Al and Cr-GST-Au structures. It is observed that
the peak absorption wavelength red shifts in both simulated
and experimental results (Fig. 2 and 4). The differences of the
peak absorptivity and wavelength in between are owing to the
roughness of the films and the insufficient accuracy of the
refractive indices in the simulation compared with the
materials in the experiments.

The emission power of the GST-Al and Cr-GST-Au MIR
thermal emitters is further measured with FTIR. The emission
power is measured at 100 °C and black soot is adopted as a
reference. The peak emission wavelength for both the GST-Al
(Fig. 5a) and Cr-GST-Au (Fig. 5b) MIR thermal emitters shifts
to a longer wavelength when the annealing temperature for
GST is increased with a fixed annealing time (¢ = 90 s). During
the wavelength shift, the emission power remains high for
both structures. Wavelength-tunable thermal emission can
also be realized for both the GST-Al (Fig. 5¢) and Cr-GST-Au
(Fig. 5d) MIR thermal emitters by increasing the annealing
time with a fixed annealing temperature (7 = 155 °C). The
measured emission power of the samples fits well with the
measured absorptivity (Fig. 4). The experimental results
demonstrate that the emission wavelength can be tuned
simply by controlling the annealing time and temperature,

Nanoscale, 2018, 10, 4415-4420 | 4417
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Fig. 5 The measured thermal emission power at 100 °C for the MIR
thermal emitters with different annealing times and temperatures. (a)
and (b) are GST-Al and Cr-GST-Au MIR thermal emitters annealed at
different temperatures (t = 90 s), respectively. (c) and (d) are GST-Al and
Cr-GST-Au MIR thermal emitters annealed at different times (T =
155 °C), respectively.

which, in turn, provides new avenues for flexibly tuning the
thermal emission wavelength.

We have demonstrated two kinds of wavelength-tunable
(7 pm-13 pm) MIR thermal emitters with GST-Al and Cr-
GST-Au structures. We further discuss the influence of geo-
metric parameters, the choice of metallic materials, and the
annealing process on the performances of the MIR thermal
emitters:

(1) Geometric parameters: The thickness of the GST layer is
set as 450 nm. The Cr layer is set as 5 nm, which is optimized
for the continuous film with high absorptivity of Cr-aGST-Au
(Fig. S21). The emission wavelength increases with the GST
thickness in both the MIR thermal emitters; the tunable
thermal emission wavelength range can thereby be further
expanded (Fig. S3-S77).

(2) Choice of metallic materials: In the GST-Al MIR thermal
emitter, Al is chosen because of its index matching with GST
which induces low reflection and thereby high absorption. The
Al can be replaced by other materials with low extinction coeffi-
cient (such as Ni, Cr, etc.), and a similar wavelength-tunable
absorptivity/emissivity can be realized. In the Cr-GST-Au
thermal emitter, the strong electric field intensity in the top
ultrathin metallic film dominates the absorption. Therefore, a
similar wavelength-tunable absorptivity/emissivity can also be
obtained by replacing the metals (for both top and bottom
materials) with other metals (such as Pt, Al, Ag, etc.).

(3) Annealing process: The annealing for crystallization has
been demonstrated by either increasing the temperature with a
constant time (¢ = 90 s) or increasing the time while keeping
the temperature (7 = 155 °C) fixed. The crystallization rate of
GST depends on the annealing temperature, and therefore the
time span in the latter case can be decreased if the annealing
temperature is higher than 155 °C. The reamorphization of
GST, which can be implemented at a temperature above
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640 °C, is not demonstrated owing to the low melting point of
Al and Au films at the nanoscale. Refractory metals (such as
W, Mo, etc.) can be exploited to stand the reamorphization
temperature. Besides thermal annealing, the phase transition
process can also be realized by laser pulses®®™* and electrical
stimulations®® which can shorten the annealing timescale to
nanoseconds or even femtoseconds.

Experimental methods

Fabrication of the samples

The GST-Al and Cr-GST-Au MIR thermal emitters are fabri-
cated with the film deposition methods. The fabrications start
with the deposition of optically thick Al (40 nm) and Au
(80 nm) films by magnetron sputtering, respectively. A
450 nm-thick GST film is then deposited using magnetron
sputtering with the alloy (Ge,Sb,Tes) target. A 5 nm-thick Cr
film is deposited on the GST film for the Cr-GST-Au structure.

Annealing of the samples

The as-deposited aGST can be gradually crystallized by
different annealing processes, which is implemented on a
temperature-controlled hot plate. Two annealing methods are
adopted to control the phase transition process for wave-
length-tunable emission: (i) the annealing temperature is
varied (100 °C-180 °C) while the annealing time is kept at 90 s
and (ii) varying the annealing time (10 s—600 s) while keeping
the annealing temperature fixed at 155 °C.

Absorptivity measurements

As the bottom Al and Au films are optically thick, the trans-
mission can be neglected. The absorptivity (4) can thus be
derived on the basis of the measured reflectivity (R) byA=1 — R.
The reflection spectra are recorded by using the Hyperion 1000
infrared microscope equipped with a liquid-nitrogen-refriger-
ated MCT detector.

Emissivity measurements

In the emissivity measurement, the GST-Al sample, the Cr-
GST-Au sample, and the black soot are separately fixed on a
hot plate whose temperature is fixed at 100 °C. The thermal
emissivity is measured with a Fourier transform infrared
spectrometer (FTIR), Bruker Vertex 70, equipped with a DTGS
detector. Black soot is chosen as the reference owing to its
high emissivity close to an ideal black body. The black soot
reference is made by firing a steel slice with a candle. The
emissivity of a sample can be derived by normalizing the
measured emission power with that of the black soot at the
same temperature (100 °C).

Conclusions

In summary, two different kinds of thermal emitters based on
GST-Al and Cr-GST-Au structures with simultaneous wave-

This journal is © The Royal Society of Chemistry 2018
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length tunability and high peak emissivity are introduced. For
the GST-Al structure, the antireflection performance of GST for
metals with index matching leads to large light penetration
and high emissivity. For the Cr-GST-Au structure, the
enhanced electric field in the ultrathin top Cr layer by the tun-
neling effect contributes to the high emissivity. A tunable
emission wavelength between 7 pm and 13 pm with sustained
high emissivity is achieved by controlling the gradual phase
transition of GST. The peak emissivity of the two MIR thermal
emitters remains above 0.73 and 0.63 when the peak wave-
length is varied. The GST phases are stable at room tempera-
ture and therefore the two wavelength-tunable MIR thermal
emitters feature zero-static-power. Moreover, these devices
have the advantages of large-area and lithography-free fabrica-
tion. Combining all the advantages, these MIR thermal emit-
ters can control the thermal emission wavelength simul-
taneously with high emissivity and thereby have many poten-
tial applications including chemical composition analysis,
thermophotovoltaics, and radiative coolers.
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